(1) To develop a method to account for the confounding effect of the nasal cycle when comparing preoperative and postoperative objective measures of nasal patency.
T he term ''nasal cycle'' describes spontaneous changes in the engorgement of the nasal mucosa that result in fluctuations in unilateral nasal resistance and airflow. In its classic form, bilateral nasal resistance remains approximately constant, while airflow partitioning switches between the left and right nostrils every 2 to 3 hours. 1, 2 The nasal cycle represents a significant challenge when comparing preoperative and postoperative objective measures of nasal airflow. Although 3-fold reductions in unilateral nasal resistance are often achieved by nasal surgery, [3] [4] [5] [6] unilateral resistance may oscillate 5-fold during the nasal cycle, 2 thus obscuring the quantification of the surgical effect. The objective of this article was to develop a method to quantify nasal surgery outcomes while accounting for the confounding effect of the nasal cycle.
Over the past several years, our research group has applied computational fluid dynamics (CFD) to study nasal airway obstruction (NAO). Our group 7, 8 and others 9 recently reported that mucosal heat loss computed with CFD models has a greater correlation to subjective nasal patency scores than traditional objective measures such as nasal resistance. However, our analysis was restricted to patients who showed symmetrical engorgement of the nasal mucosa in both preoperative and postoperative computed tomography (CT) scans because no method was available to distinguish the surgical effect from fluctuations in nasal mucosal engorgement associated with the nasal cycle. 7, 8 The present study is thus motivated by the need to take the nasal cycle into account when quantifying the effect of NAO surgery in patients who display significant changes in mucosal engorgement between preoperative and postoperative CT scans. We report a new methodology to account for the nasal cycle by creating models that reproduce various engorgement states of the nasal mucosa. Although our models reproduce the entire spectrum of nasal congestion states, we propose comparing objective measures at midcycle as a method to compare similar congestive states. We also report objective measures in the state of greatest mucosal congestion of each cavity, based on the recommendation by Eccles 1 that the most obstructed state of the cycle is likely to be the most clinically relevant. This methodology is illustrated by reporting nasal resistance and mucosal heat loss in 2 test subjects. The ability to account for the confounding effect of the nasal cycle is a key element that future virtual surgery planning software will need to take into account when using anatomic models based on single instantaneous imaging.
Methods

Patient Selection
This research was approved by the institutional review board at the Medical College of Wisconsin, and informed consent was obtained from each patient. This project is part of a larger study aimed at correlating subjective and objective measures of nasal patency. 7, 8, 10 Twenty-four patients undergoing surgery to treat NAO (septoplasty, turbinectomy, and/ or rhinoplasty) were recruited. Preoperative and postoperative axial CT scans were obtained in 0.6-mm increments and an in-plane resolution of 0.313 mm. A visual comparison of the preoperative and postoperative scans revealed that 12 patients had significant changes in mucosal engorgement due to nasal cycling that ranged from minor (4 patients) to more significant (8 patients). Among these 12 patients, the 2 patients with the greatest reciprocal changes were selected for analysis ( Figure 1 ). Both patients were assumed to be cycling maximally and at opposite extremes when each CT scan was obtained. Patient A underwent septoplasty with bilateral inferior turbinate outfracturing, while patient B underwent open septorhinoplasty.
Creation of Preoperative and Postoperative Models
Three-dimensional digital models of the preoperative and postoperative nasal passages were created in Mimics 16.0 (Materialise Inc, Leuven, Belgium). Briefly, the preoperative and postoperative CT scans of each subject were imported into Mimics 16.0, and a mask (group of voxels) that corresponds to the nasal passage was defined in each scan using a combination of manual editing and automated tools. The nasal cavity masks included the anatomy from the nostrils to the nasopharynx, excluding the paranasal sinuses ( Figure 2) . For each subject, the preoperative nasal model was coregistered with the postoperative scan using facial bones so that consistent borders along the sinus ostia could be defined in the preoperative and postoperative models.
Creation of Nasal Cycle Models
Once the preoperative and postoperative airspace masks were created, tissue masks were created of the inferior turbinate, middle turbinate, and septal swell body. The airspace mask was then sequentially dilated or eroded (by 1-8 pixels) around the inferior turbinate, middle turbinate, and septal swell body ( Figure 2 ). The limit for each dilation/erosion of the airspace mask was the tissue mask of the opposite model. For example, when dilating the airspace mask around the right inferior turbinate of patient B (Figure 2 ), the postoperative right inferior turbinate was set as a limit so that the greatest possible change in the geometry of the preoperative airspace would not exceed the boundaries of the postoperative inferior turbinate. Nasal cycle models were created based on both the preoperative CT scan and the postoperative CT scan by using the aforementioned methods. Including the preoperative and postoperative models, a total of 18 CFD models were developed (8 for patient A and 10 for patient B), representing gradual changes in mucosal engorgement due to the nasal cycle.
CFD Simulations
Computational fluid dynamics allows for the prediction of fluid movement by solving the Navier-Stokes equations. 7, 8, [11] [12] [13] [14] Briefly, each 3-dimensional nasal reconstruction was meshed with approximately 4 million tetrahedral cells using ICEM-CFD 14.0 (ANSYS Inc, Canonsburg, Pennsylvania). Steadystate, laminar, inspiratory airflow simulations were conducted in Fluent 14.0 (ANSYS Inc) with the following boundary conditions: (1) inlet pressure at the nostrils of 0 Pa, (2) air velocity at the walls equal to zero, and (3) outlet pressure set to a value that resulted in 15 L/min of bilateral airflow, which corresponds to an adult breathing at rest. The boundary conditions for heat transfer simulations were (1) T = 20°C at the nostrils and (2) T = 32.6°C at the nasal mucosa, where T is the air temperature. The value of 32.6°C corresponds to the average nasal mucosa temperature during inspiration, as measured by Lindemann and coauthors. 15 
Outcome Measures
Nasal resistance (R nose 5DP= _ Q V ) was defined as the ratio of the transnasal pressure drop DP (nostrils to choana) to the volumetric airflow rate _ Q V . Average heat flux was defined as the rate of heat loss from the nasal mucosa to inspired air between the nostrils and the nasal choana, divided by the corresponding surface area. 7, 8 Airflow partitioning was defined as the ratio between unilateral and bilateral airflow (ie, the percentage of airflow flowing through each nostril). The distance along the nasal cavity was defined as D5z=L septum , where z is the distance from the nostrils and L septum is the septum length from the nostrils to the nasal choana. Finally, changes in mucosal engorgement were quantified by the inferior turbinate width, defined as the average width among 7 uniformly spaced coronal crosssections located at distances 0:3 D 0:9.
To estimate midcycle objective measures of nasal patency, nasal resistance and heat flux were plotted against the average inferior turbinate width. A third-order polynomial curve was fit to the data points, and the midcycle value was estimated based on the fitting curves ( Figure 3) . Thus, the midcycle surgical effect was the difference between the preoperative nasal cycle curve and postoperative nasal cycle curve at the midcycle inferior turbinate width.
Results
To verify that the nasal cycle models represented a range of nasal mucosal engorgement states, airspace cross-sectional areas were plotted as a function of distance from the nostrils (Figure 4) . The nasal cycle models spanned a range of cross-sectional areas, from congested to decongested in each cavity. For example, the preoperative NC4 model closely reproduced the postoperative cross-sectional areas. This is consistent with the fact that the preoperative NC4 model reproduces the configuration of the inferior and middle turbinates after surgery. Differences in the cross-sectional areas between corresponding models (eg, preoperative NC4 model vs postoperative model) are due not only to surgical changes but also to mucosal changes along the nasal floor, superior turbinates, and other areas whose mucosal engorgement was not reproduced because these were deemed to be of minor importance as compared to mucosal changes in the inferior and middle turbinates. To further validate the models, the percentage of inspired air flowing through each nostril was plotted against the ipsilateral inferior turbinate width ( Figure 5 ). As expected, airflow partitioning reversed between the nostrils when mucosal engorgement reversed. For example, preoperatively, 68% of inspired air passed through the right nostril in patient A, in agreement with the decongested state of the right-side turbinates (Figure 1) . As the turbinates were made more congested in the right cavity and decongested in the left cavity, airflow partitioning reversed, so that only 32% of airflow passed through the right nostril in the preoperative NC4 model. This reversal of airflow partitioning was observed in both patients, before and after surgery, as the turbinate engorgement state reversed ( Figure 5 ). These gradual changes in flow partitioning further demonstrate that the nasal cycle models represent a range of mucosal congestion states.
Comparing the preoperative and postoperative models before accounting for the nasal cycle, nasal resistance decreased 68% in the left cavity but increased 70% in the right cavity, thus suggesting a worsening of symptoms postoperatively ( Figure 6) . However, the preoperative and postoperative models reflected opposite mucosal engorgement states (Figure 1) . At midcycle, a 14% postoperative decrease in nasal resistance was estimated for both cavities ( Figure 6 ). A similar trend was observed for mucosal heat loss for patient A. Models based on the preoperative and postoperative CT scans predicted that the average heat loss increased postoperatively in the left cavity but decreased in the right cavity. In contrast, at midcycle, a 9% increase in the average heat loss was predicted for both cavities. In patient B, nasal resistance reduced from before to after surgery on both sides, with an 18% reduction in the left cavity and a 69% reduction in the right cavity ( Figure 6) . However, the midcycle nasal resistance decreases were 49% in the left and 45% in the right. Similarly, unilateral heat flux increased on both sides from the preoperative CT scan to the postoperative CT scan, but midcycle estimates differed from estimates before adjusting for the nasal cycle.
Minimum unilateral flow and maximum unilateral resistance during the nasal cycle are listed in Table 1 . In the left cavity of patient A, a 32% postoperative reduction in the maximum unilateral resistance resulted in a 46% increase in the minimum flow. This surgical improvement in left cavity patency in its congested state was associated with a 10% increase in the highest resistance of the right cavity. In patient B, the minimum flow increased 27% and 74% in the left and right cavities, respectively, which is explained by reductions in the maximum resistance of each cavity ( Table 1) .
To quantify surgical changes in nasal anatomy after septoplasty, septal thickness was measured along 2 planes that were parallel and perpendicular to the nasal floor, respectively (Figure 7) . A greater decrease in septal thickness was observed in patient B, who also had a more anterior septal deviation than patient A (Figure 7 ).
Discussion
Many rhinologists have studied the nasal cycle by serial measurements of resistance or cross-sectional area. 1, 16 Hasegawa and Kern 2 reported that unilateral resistance in the decongested and congested states are on average 0.18 and 0.82 Pa.s/mL, respectively, in healthy subjects. Knight et al 17 reported that unilateral resistance fluctuates with an average amplitude (difference between maximum and minimum resistance during the cycle) of 0.75 Pa.s/mL. Most studies, however, only reported the presence or absence of the nasal cycle and its periodicity. 2,18-21 Therefore, there is a lack of studies investigating the nasal cycle before and after surgery in NAO patients. In particular, distinguishing surgical changes in nasal resistance from changes associated with the nasal cycle remains a challenge. This study explored the possibility of using CFD simulations to distinguish the surgical changes in nasal patency from physiological fluctuations associated with the nasal cycle.
Our results demonstrate that CFD models spanning a range of mucosal congestion states can be created to represent the nasal cycle and to more accurately measure the effect of treatment in the surgical management of NAO. The variation of airspace cross-sectional areas (Figure 4) and reversal of flow partitioning ( Figure 5 ) demonstrate that nasal cycle models can be created. The quantification of nasal resistance and mucosal heat loss throughout the nasal cycle allowed the surgical effect to be measured by comparing states of equal mucosal congestion (Figures 3 and 6) . Although patient A had a visibly straighter septum on postoperative CT and reported subjective improvement in symptoms, insignificant changes in resistance and heat loss were observed after surgery after accounting for the nasal cycle. Patient B had much larger improvements in nasal resistance and heat loss throughout the nasal cycle. This is likely due to patient B having a much more complex septal deformity preoperatively and also having correction of a more anterior septal deviation (Figure 7) . 12 One exception to the lack of studies investigating the nasal cycle before and after NAO surgery is the work by Quine and colleagues. 22 Using posterior rhinomanometry, nasal airflow was recorded hourly over a period of 5 hours at a pressure of 75 Pa in 27 patients with an NAO, who underwent inferior turbinate reduction via submucosal diathermy. On average, bilateral nasal airflow increased from 246 mL/s preoperatively to 371 mL/s postoperatively, which represented a statistically significant 51% increase. In a later review article from the same group, Eccles 1 advocated using the minimum unilateral airflow (Fmin) during the nasal cycle as ''a measure of the most obstructed state of the nasal passage [which] may be a more relevant parameter than total nasal airflow in assessing the severity of nasal obstruction.'' Quine and coauthors 22 reported that surgery significantly increased Fmin from an average of 69 mL/s to 163 mL/s, which is a 136% increase (P \ .0001). In our study ( Table 1) , Fmin increased from 68 mL/s preoperatively to 86 mL/s postoperatively in patient A and from 70 mL/s to 103 mL/s in patient B, suggesting that both patients had some relief of nasal obstruction in the state of maximum mucosal congestion.
This article illustrates that the nasal cycle can influence objective measures of surgical outcomes such as nasal resistance and mucosal cooling. Therefore, while evaluating the effects of nasal surgery, surgeons must keep in mind that patients may be cycling at opposite extremes during their preoperative and postoperative visits. This implies that instantaneous measurements of nasal patency may not reflect how the patient feels over an extended period of time, and sometimes, instantaneous measures can be perplexing, such as the apparent postoperative increase in the right cavity resistance of patient A ( Figure 6 ).
Current practice relies on patient subjective complaints, physical examination findings, and physician judgment when planning surgery to correct NAO. However, several groups have been working on a method to simulate surgical approaches, or ''virtual surgery,'' to allow surgeons to select the optimal surgical therapy. 14, 23, 24 As this technology improves, practitioners must be mindful of the nasal cycle effect on NAO and will need a method to correct for fluctuating mucosal engorgement. As shown by our results, the nasal cycle can dramatically influence objective measures of surgical outcomes. Thus, the methodology described in this article can be used in future CFD studies and potentially in virtual surgery to remove the confounding effect of the nasal cycle.
Some limitations of this study must be noted. First, we assumed that the preoperative and postoperative CT scans were captured at opposite extremes of the nasal cycle. This assumption was based on literature reports that the transition between the congested and decongested states is rapid (\30 minutes) in comparison to the half-cycle duration (90 minutes to 10 hours), so that, at any given time, the nasal mucosa is more likely to be either fully congested or fully decongested rather than in a midcycle state. 19 Second, our nasal cycle models did not account for mucosal changes along the nasal floor, superior turbinates, and posterior septum because these were more difficult to reproduce in a systematic fashion. Finally, the postoperative CT scan was used to limit the congestion and decongestion of the turbinates in the preoperative nasal cycle models. Although greatly increasing the accuracy of our models, this approach is limited to research groups because postoperative CT scans are not routinely obtained. However, this methodology can be applied to other patients in our cohort, who displayed significant nasal cycling between preoperative and postoperative CT scans, and it is expected to be valuable to other researchers in the field. This is the first time that the nasal cycle has been simulated using computational models. Before accounting for the nasal cycle, patient A appeared to have a paradoxical worsening nasal obstruction in the right nasal cavity. After accounting for the nasal cycle, it was concluded that patient A had minor improvement in all objective parameters after surgery, except for an increase in the minimum airflow through the left cavity. Patient B had substantial improvements in all objective measures after surgery, but the magnitude of change differed after accounting for the nasal cycle. Differences in the magnitude of the surgical effect between patients A and B were partially explained by a greater reduction in septal thickness and the correction of a more anterior septal deviation in patient B. By applying the methodology described herein, future CFD studies may be able to account for the nasal cycle and thus to more accurately quantify surgical changes in nasal patency.
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